Guaraíras Lagoon is a shallow coastal lagoon subject to intense human impacts, including shrimp aquaculture, urban expansion and agricultural activities, and is therefore vulnerable to eutrophication. With the aim of detecting the effects of human-mediated disturbance and environmental change in the lagoon, a spatial-temporal study was conducted in order to assess the actual ecological status of the lagoon and the species composition and density of the mesozooplankton, highlighting copepod assemblages. Algal biomass (chlorophyll-a) and total phosphorus concentration indicated that the lagoon is a meso-eutrophic coastal system in the inner part, and is oligotrophic in the areas influenced by the marine waters. High salinities were recorded in the lagoon, characterizing the lagoon as a coastal-marine ecosystem, rather than true estuarine. Mesozooplankton abundance fluctuated widely and showed marked spatial heterogeneity. The copepod assemblage was characterized by a coastal/estuarine group dominated by Oithona spp., Acartia lilljeborgi and Parvocalanus crassirostris in the inner areas of the lagoon, and a marine group characterized by the copepods Paracalanus quasimodo, Calanopia americana, Corycaeus (C.) speciosus and Monstrilloida in the area of marine influence. Thus, the spatial variability in the distribution of mesozooplankton species can be ascribed to the presence of a horizontal gradient of salinity and trophic conditions. Overall, the results showed that spatial variation in the water physicochemical characteristics of Guarairas Lagoon have significant effects on the structure and repartition of the mesozooplankton assemblages, which may potentially affect the functioning and biodiversity of this coastal ecosystem.
Introduction
Estuaries are the main transition zones or ecotones between riverine and marine habitats. They are geomorphologically very dynamic and ephemeral systems, influenced both by sea and land changes, forming a complex mixture of many different habitats Champalbert et al., 2007) . Among these habitats, estuarine lagoons are commonly characterized by high productivity, areas of limited exchange with the adjacent ocean, and function as filters or decanters of materials, thus accumulating nutrients, organic matter, inorganic sediment and contaminants from the rivers, ocean, atmosphere and adjacent land (Kjerfve and Magill, 1989; Lloret et al., 2008) .
Perhaps the most distinctive feature that contrasts coastal lagoons with other ecosystems is the nature and variability of the physical and chemical forces that influence them. Many estuarine systems experience widely varying temperatures, salinity, concentrations of chemicals, and plant and animal densities, many of which are mediated by water movement over relatively short time scales (McLusky and Elliott, 2004) . Thus, the creation of a continuum in salinity and biogeochemical features is one of the most common patterns in coastal lagoons. These gradients strongly influence the spatial and temporal distribution and abundance of biological assemblages in estuaries.
Human pressure and impact on estuaries are intense, because most urbanization is concentrated in coastal regions. In the Brazilian Northeast, estuarine lagoons are subject to diverse impacts, including landfills, dredging and construction, and changes in depth that modify the hydrodynamics, biodiversity, and goods and services of these important coastal ecosystems (Neumann et al., 1992) . On the coast of the state of Rio Grande do Norte, shrimp farming has developed rapidly, increasing by about 20% per year during the past decade. The input of N and P to coastal waters from shrimp farms is estimated as 1.9 t.km −2
.year −1 (Lacerda et al., 2006) . The coastal ecosystems of Rio Grande do Norte are extremely vulnerable to the impacts associated with shrimp production, which include deforestation, the introduction of exotic species and eutrophication.
The combination of natural environmental variability over small spatial scales and the magnitude of pollution sources (e.g., sewage outfalls, aquaculture effluents, river inputs) make coastal lagoons highly heterogeneous in terms of levels of disturbance, pollution and eutrophication. For this reason, the identification and assessment of ecological status and environmental variability may be helpful for the development of good planning and monitoring programs, leading to better management of estuarine ecosystems (Moreno et al., 2008) .
The Guaraíras Lagoon is located on the southern coast of Rio Grande do Norte, and is under strong human pressure resulting from shrimp farming, the sugar-cane industry, domestic and hospital wastes and mining activities. The lagoon is situated in a densely populated area with intense economic activity. At present, it is connected to the ocean through a canal approximately 350 m wide. This feature of the lagoon, which provides free communication with the adjacent ocean, has been permanent since 1942. Prior to that date, the system underwent successive natural changes in its dynamics, with some periods of isolation and others when it was connected to the sea. Despite these multiple environmental changes, studies describing their potential effects on the zooplankton community of Guarairas lagoon are still lacking.
The objective of the present study was to describe spatially and seasonally the composition and abundance of the mesozooplankton assemblages, with emphasis on the copepods, of a coastal lagoon under different flow regimes. Zooplankton is an important link in the energy transfer of organic matter produced by photosynthesis to other trophic levels, as well as including indicator species and providing subsidies for present and past ecological processes (Buskey, 1993; Leandro et al., 2007) . In order to assess the variations of the zooplankton due to the environmental characteristics, we analyzed the thermal and salinity patterns and various parameters indicating the trophic state (total phosphorus and chlorophyll-a). We hypothesized that the permanent link of the lagoon with the sea and the consequently increase in salinity would force the zooplankton community, especially copepod assemblages, towards dominance by marine-coastal species rather than estuarine species and will also influence the trophic conditions of the lagoon. Hence, we address the question of how anthropogenic activities can be important in shaping the zooplankton community of the lagoon.
Material and Methods

Study area
The state of Rio Grande do Norte in the Brazilian Northeast, especially in the south of the city of Natal has some typical morphological features such as dunes, cliffs, salt pans, riverine-marine plains and coastal ponds. The regional climate is classified as humid tropical, and annually received a rainfall of 1,400 to 1,700 mm, with two distinct seasonal periods of precipitation: a dry season (38.1 ± 25.7 mm.month -1 ) that normally extends between September and February, and a rainy season (197.7 ± 54.3 mm.month -1 ) from March to August. In this region, about 50 km south of Natal, lies the Guaraíras Lagoon, which is part of a lagoon complex called the "Complexo Lagunar Estuarino Nísia Floresta-PapebaGuaraíras", consisting of three interconnected lagoons of which Guaraíras is the largest (6° 9' to 6° 14' S and 35° 5' to 35° 10' W) (Figure 1 ). The lagoon is about 7 km long, and is a shallow estuarine lagoon with depths ranging from 0.5 to 2 m and up to 11 m in the narrow channels.
The lagoon is part of the Rio Jacú hydrographic basin, and this river supplies the main inflow of fresh water, in the innermost part of the lagoon. The description of the historical evolution of the morphology of the Guaraíras Lagoon reports that the system underwent successive natural changes in its dynamics, with some periods of isolation and others of connection to the sea. In 1923, a narrow canal was opened connecting the lagoon to the sea, with the objective of draining the lake during the rainy season. This canal rapidly widened, permanently linking the lake to the sea. Taking this into account, a lagoon regime was formed, with tidal action.
Sampling
Sampling was undertaken during the rainy season (17 June and 26 July) and dry season (8 November and 9 December) in 2005. These collections were always carried out at high tide, because of the shallowness of the lagoon. The sampling points were defined according to the geomorphology of the lagoon and represent the main environmental conditions in the lagoon (coastal influence, water mixture area and fluvial zone). These points showed the following characteristics: P1 (06° 11' 033" S and 35° 05' 602" W), channel at the lagoon mouth, strongly influenced by the adjacent coastal region, and about 10 m deep at high tide; P2 (06° 10' 915" S and 35° 06' 194" W) , near the communication with the Nísia Floresta and Papeba lagoons in the same system of the studied lagoon, with an approximate depth of 3 m at high tide; P3 (06° 11' 511" S and 35° 07' 419" W), situated in the central part of the lagoon, with a depth of about 5 m; and P4 (06° 12' 493" S and 35° 08' 083" W), the innermost part of the lagoon, influenced by the Jacu River, with a mean depth of 1.5 m at high tide (Figure 1 ).
Environmental variables
The water used for the analyses of phosphorous and chlorophyll-a was collected at the subsurface (0.5 m), using a van Dorn bottle. The water temperature and salinity were measured with a Horiba (U-23) multiprobe. Transparency was measured by means of a Secchi disc (cm). Chlorophyll-a (Chl-a) was determined by filtering 250 mL of water through a Whatmann membrane filter (0.45S mm). Pigments were extracted with 90% acetone. The concentrations of chlorophyll-a were determined fluorimetrically according to the method described by Holm-Hansen et al. (1965) . The determination of total phosphorus followed the methodology of Valderrama (1995) .
Zooplankton
Mesozooplankton samples were collected by oblique hauls using plankton nets having two different mesh sizes: 64 and 200 mm, both equipped with a HydroBios flowmeter. All the samples were preserved in a 4% buffered formalin-seawater solution. For quantitative analysis, 3 subsamples (5 mL each) were obtained from the samples collected with the 64 mm mesh plankton net. At least 200 individuals of each dominant species were counted. Individuals belonging to less-abundant species were counted in the entire samples. Mesozooplankton samples obtained with the 200 mm mesh size net plankton were counted completely. Subsamples for counting were analyzed under an Olympus stereomicroscope and mesozooplankton abundance expressed as the number of individuals per cubic meter (ind.m -3 ). The abundance of mesozooplankton was acquired from the hauls made with the 200 mm mesh size net plankton, except for Polychaeta larvae and copepodits from Oithona spp., Parvocalanus crassirostris and Euterpina acutifrons, which are typically small (<50 mm). The abundances of these zooplankters were significantly higher in the samples carried out using the 64 mm mesh size net plankton (t-test, p < 0,05) and hence considered in the description of their abundance. This methodology, using different sizes of mesh and analyzing mesozooplanktonic data jointly, taking into account the higher abundance values obtained from each pair of samples (200 mm or 64 mm mesh size net), was also used in others studies on zooplankton composition (Weber and Roff, 1995; Lopes et al., 1998) . Copepods were considered as potential biomarkers to verify the environmental conditions of the lagoon (salinity gradient and trophic status) and for this reason, identified to species level.
Data analysis
The hierarchical and multidimensional scaling (MDS) analyses of similarity between stations and copepod species were computed on the basis of the Bray-Curtis similarity index and log 10 (X + 1) transformed data. The diversity index (H 0 ) and eveness of the copepod population was calculated using the Shannon-Wiener diversity index (Shannon, 1948) . The analysis of ordination of principal components (PCA) was also calculated using the logtransformed and standardized data for the principal mesozooplankton groups, a species of Copepoda, and environmental parameters, to assess the associations among them. These analyses were carried out using the PRIMER statistical package version 5.0.
Results
Environmental variables
All the environmental variables of Guaraíras Lagoon are shown in Figure 2 . The maximum water transparency was always observed at the sampling points under marine influence (P1 and P2), with Secchi values >100 cm. The lowest values were recorded in the zone of river influence (P3 and P4), with Secchi values <75 cm. The water temperature did not vary seasonally (t-test, p < 0.05), with a mean of 28.2 °C (± 0.74) in the rainy season, and 29.8 °C (± 0.66) in the dry season. A clear salinity gradient was observed, with a large increase in salinity from P4 (riverine zone) to P1 (coastal zone) (t-test, p < 0.05). For the entire ), and their seasonal concentrations were significantly different (p < 0.001). They were higher in the rainy season (13.8 ±10.1 mg.L -1 ) than in the dry season (3.6 ± 4.7 mg.L -1
). According to the spatial variation in algal biomass, in both seasons the inner parts of the lagoon, shallower and more influenced by the Rio Jacú (P3 and P4), showed the highest values, and the maximum was always recorded at P4. Considering the concentrations of chlorophyll-a and the trophic-state classification proposed by the EPA (2003) for coastal marine regions, the points that showed an oligotrophic state were P1 and P2 (Chl-a < 2 mg.L -1 ); localities classified as eutrophic (chlorophyll-a > 7 mg.L -1 ) were P3 in the rainy season, and P4 in both seasons. There were also points of hypereutrophy, with peaks of chlorophyll-a concentration above 25 mg.L -1 , as recorded at P3 and P4 during the rainy season.
Mesozooplankton
Altogether 46 mesozooplankton taxa were identified in the Guaraíras Lagoon (Table 1) . Holoplanktonic forms dominated the assemblages (80%). The mean total density of organisms was 18,300 ± 870 ind.m . The spatial distribution of mesozooplankton density showed a marked spatial gradient, with the highest values at the sampling points which were most influenced by the adjacent marine region (P1 and P2) (Figure 3 ). Mesozooplankton abundance also showed a spatial-seasonal gradient, with the highest values observed in the coastal area of the lagoon during the rainy season (P1 and P2), while in the inner part of the lagoon (P3 and P4), the highest values occurred during the dry season. The relative importance of different taxa varied among stations, although copepods were by far the most important group in terms of species richness and abundance. In general, copepods were abundant in all the sampling points (>60% of relative abundance), and reached the greater of the total mesozooplankton (80%) at P1 and P2 (rainy season) (Figure 4) .
Eleven meroplankton groups were identified in the mesozooplankton of Guaraíras, including larvae of Gastropoda and Pelecypoda, Cirripedia, Brachyura and Polychaeta. The most abundant meroplanktonic morphotypes were Gastropoda (maximum of 1,630 ind.m -3 ), Pelecypoda (4,630 ind.m -3 ) and Polychaete larvae (4,22 ind.m -3
). Larvae of Pelecypoda, which represented a substantial fraction of mesozooplankton community in the lagoon, did not occur in P3 and P4 (rainy period), suggesting that salinity seems to be a crucial factor controlling their repartition in the lagoon.
There were 24 species of Copepoda in Guaraíras Lagoon, including unidentified monstrilloids and harpacticoids. The most abundant species were Oithona spp. ), always exceeding 30% of the total mesozooplankton and reaching a maximum abundance (67.4%) at P3 (rainy season). Paracalanus quasimodo and Parvocalanus crassirostris comprised more than 15% of the total mesozooplankton (29 ± 10 ind.m -3 ). Two exotic calanoid copepod species were recorded: Temora turbinata and Pseudodiaptomus trihamatus. Temora turbinata occurred during the entire study period, and reached appreciable densities in the lagoon (from 40 to 1,080 ind.m -3 ), exceeding in abundance the congeneric native species T. stylifera. Pseudodiaptomus trihamatus showed a more restricted distribution, occurring only during the dry season and remaining in low densities at all sampling points (10 ind.m -3 ). The Shannon-Wiener diversity value (H') for copepods was extremely low, ranging from 1.22 to 0.46. The evenness index (J) was also low (from 0.37 to 0.48), indicating the supremacy of only a few species in the quantitative pattern of copepod composition (Table 1) .
Multidimensional scaling analysis
In the two-dimensional plot, a stress of 0.02 was obtained for the sampling points. According to Kibirige et al. (2006) , stress levels <0.05 give an excellent representation of the similarities and provide confidence in the two-dimensional representation of the similarities. The results of the twodimensional plots of sampling points revealed the presence of two groups in the lagoon (Figure 5) , regardless of the seasonal periods. Group I comprised those stations located in the upper part of Guaraíras Lagoon (P1 and P2), where coastal/ neritic copepod species such as Paracalanus quasimodo, 
Principal components analysis
The relationship between the copepod assemblages and environmental variables is revealed in the PCA results ( Figure 6 ). The first two components explained 66.5% of the variability. Component I was associated with chlorophyll-a and total phosphorus, indicating a relationship with organic enriched waters, likely representing the influence of cultural eutrophication on the lagoon. Component II was associated with temperature and salinity, and represents the influence of coastal waters in the area. The negative quadrant of factor 1 shows the copepod taxa such as P. quasimodo, P. crassirostris and T. turbinata, which occur mainly in areas influenced by high salinity. The positive side of factor 2 includes copepods of the genus Oithona spp., Acartia lilljeborgii, and Polychaeta larvae, Gastropoda and Pelecypoda larvae. The occurrence of these taxa was usually associated with high concentrations of algal biomass (chlorophyll-a) and total phosphorus.
Discussion
The spatial differences observed in the water physicochemical patterns of the Guaraíras Lagoon indicate that physical events (water exchange and tidal currents) play an important role in causing the marked spatial salinity gradient and trophic state of this ecosystem. As expected, the salinity gradient in Guaraíras results from freshwater inflow from the Jacú River in the inner area, and extensive mixing between the middle and marine areas. Reef breakup increased the inflow of marine water and, in addition to reducing the river contribution, contributed to the occurrence of marine-coastal, rather than truly estuarine conditions in the lagoon.
Water circulation and residence times in coastal lagoons are regulated by tidal cycles, morphology, and freshwater inputs, and therefore structures that modify water flow or affect the fresh-marine water balance, affect the hydrodynamics in these types of ecosystems, impacting their water quality (González et al., 2008) . According to Lacerda et al. (2006) , the wide tidal amplitude and the low altitude gradient of the coastal basins of the rivers of the Brazilian Northeast makes its estuaries very sensitive to variations in sea level and changes in river flow, generally increasing saline intrusion into the continent. This process is generally caused by the geomorphological changes that contribute to sedimentation in mangrove areas and salinization of the estuaries, such as damming of the rivers. The extensive reservoirs that have been constructed in the northeastern region (which regulate about 90% of the river flow), reduce the volume of fresh water that reaches the estuaries, and decisively affect the salinity patterns of these transitional waters, an observable fact occurring in the hydrographic basin of the Guaraíras lagoon.
Coastal lakes can also reach high salinities because of the long water retention time and intense evaporation (Valiela et al., 1992) . However, Guaraíras Lagoon has a highly dynamic tidal pattern, characterized by strong currents of marine inflow and outflow, which exposes the sediment in the shallower inner parts. Therefore, the high salinity observed in the lagoon reflects the strong influence of the coastal water mass.
In tropical waters, seasonal variations are more difficult to determine than in temperate waters, and are normally less significant. They are generally related to the annual rainfall patterns, especially in coastal regions (Chisholm and Roff, 1990) . Although rainfall is seasonal in this area, these seasonal differences did not reduce the mean salinity concentration in the lagoon, which remained quite high. According to the estuary zonation system based on salinity (Gibson et al., 2000) , Guaraíras Lagoon is presently euhaline (>30), typical of the marine areas of estuarine systems.
According to Dame and Allen (1996) , in shallow lagoon and estuarine systems, with little freshwater inflow, transport of suspended particulate matter is frequently governed by the tide. This strong influence of the adjacent marine area was observed in sedimentological studies in the lagoon (Bentes, 2006) , showing that marine sedimentation prevails over riverine, with sand sediments occurring near the mouth of the lagoon, where stronger currents were recorded. In the area near the Rio Jacú, the organic-matter content is higher because the influence of inflow and outflow is less. These characteristics make the inner area of Guaraíras Lagoon extremely vulnerable to eutrophication and algal blooms. The permanent agribusiness activities in the watershed of Guaraíras Lagoon may also contribute to the spatial differentiation of the degree of trophy, as well as influence the present ecological status of the lagoon, because of the high input of allochthonous organic matter and nutrients in the upper freshwater tidal lagoon. While estuarine and coastal marine systems can often be hydrologically and spatially complex, the biomass of phytoplankton in these systems nonetheless tends to respond predictably to changes in the water column concentrations of total nitrogen and total phosphorus (Smith, 2006) . The excess loading of nutrients into the Guaraíras lagoon appear to be converted to elevated algal biomass, as observed by chlorophyll-a concentration gradients, which showed high values, in relation to other tropical and temperate enriched estuarine systems (Herrera-Silveira, 1995; van Damme et al., 2005) .
Lack of data makes it difficult to estimate the impact of geomorphological changes on the composition, distribution and abundance of mesozooplankton in the lagoon. However, the spatial differences in the copepod assemblages were closely related to the marine intrusion.
The mesozooplankton was dominated by Copepoda, which made up nearly 80% of total abundance and showed low diversity. The composition of the mesozooplankton community is characteristic of tropical coastal lagoons (Lopes, 1994; Neumann-Leitão et al., 1992) , in which cyclopoid copepods of the genus Oithona predominate. Species of Oithona are frequently among the dominant copepods in low-salinity waters of Brazilian estuaries (Neumann-Leitão and Matsumura-Tundisi, 1998) and are favored in extreme environments such as estuaries, because of their extraordinary ecological plasticity. According to Calbet et al. (2000) , copepods of the genus Oithona can efficiently ingest relatively small particles, including nanophytoplankton, and also large cells (>50 mm), which can favor the dominance of these copepods in eutrophic conditions. All these characteristics demonstrate that this genus is highly adapted to environmental conditions of high primary productivity, low transparency, and high concentrations of suspended particulate matter, which are common in eutrophic systems, which makes this genus a potential bioindicator of eutrophic conditions, as indicated by the PCA analysis.
The tidal inflow into the lagoon, which increased after the barrier was breached, carries marine species such as Paracalanus quasimodo, P. indicus, Calanopia americana, Oncaea venusta, Corycaeus (C.) speciosus and Microsetella rosea, leading to spatial heterogeneity in the mesozooplankton composition. The results of the MDS analysis suggest that the copepod population in the lagoon changes progressively from an estuarine-to a marinedominated assemblage along a salinity gradient, without an abrupt transition zone between the inner-riverine part and the outer-marine part of the lagoon.
Reef breakup could increase the tidal inflow and favor the exchange of zooplankton from the adjacent coastal waters to the inner areas of coastal lagoons, promoting coexistence between estuarine and marine-coastal species, and thus increasing the local biological diversity. However, the low copepod diversity observed in the lagoon, as demonstrated by the Shannon index, indicated that only euryhaline copepod species such as Parvocalanus crassirostris, Oithona spp. and Acartia lilljeborgii reached high densities, reducing local diversity, as also observed by Casé et al. (2008) , in hypereutrophic coastal systems.
The presence of exotic copepods species in the lagoon emphasizes the extreme vulnerability of coastal systems to bioinvasions. Temora turbinata has been widely reported from other estuaries on the coast of Brazil, where it has numerically supplanted the native congener T. stylifera. Pseudodiaptomus trihamatus is a planktonic brackishwater species of Southeast Asian origin, which has been recorded in some coastal systems of Rio Grande do Norte (Medeiros et al., 2006) . In the present study, specimens of P. trihamatus were recorded in the Guaraíras Lagoon in low densities (<10 ind.m -3 ), but females with egg sacs were observed, an indication of the acclimatization of the species and its establishment in the region.
Estuarine systems support many important ecosystem functions: biogeochemical cycling and movement of nutrients, purification of water, mitigation of floods, maintenance of biodiversity, biological production (nursery grounds for many commercial fish and crustacean species) (Day et al., 1989 ). An estimate of the economic value of these ecosystem functions indicated that estuaries are among the most valuable ecosystems in the world and serve as important life-support also for human beings (Costanza et al., 1997) . Shifts in the ecological configuration and the present ecological status observed in the Guaraíras Lagoon may represent the loss of valuable functions, such as a nursery grounds for various commercial fish and crustacean species, as shown by the low abundance of meroplanktonic larvae detected in the lagoon.
The high input of allochthonous organic matter and nutrients in the upper freshwater lagoon and unfavorable conditions, i.e., high temperatures, shallowness and low river flows, are key factors that contribute to the spatial variation in the trophic degree of the lagoon. The permanence of meso-eutrophic conditions of the water may be decisively affected by the intensive shrimp aquaculture in the surrounding watershed. Special attention must be given to temporal and spatial changes in the trophic degree of the lagoon, which may result in eutrophication and the development of cyanobacterial populations. Considering the development of aquaculture and fisheries activities in the Guaraíras lagoon, this is a perspective that must be continuously monitored. The constant exchange of waters with the adjacent ocean may be, at the present time, the best guarantee to reduce or even prevent eutrophication in Guaraíras Lagoon.
